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We have measured the temperature dependence of resistivity in single-crystalline CeNiGe3 under hydro-
static pressure in order to establish the characteristic pressure-temperature phase diagram. The transition
tempearture to AFM-I phase TN1 = 5.5 K at ambient pressure initially increases with increasing pressure
and has a maximum at ∼ 3.0 GPa. Above 2.3 GPa, a clear zero-resistivity is observed (SC-I phase) and this
superconducting (SC) state coexists with AFM-I phase. The SC-I phase suddenly disappears at 3.7 GPa
simultaneously with the appearance of an additional kink anomaly corresponding to the phase transition to
AFM-II phase. The AFM-II phase is continuously suppressed with further increasing pressure and disap-
pears at ∼ 6.5 GPa. In the narrow range near the critical pressure, an SC phase reappears (SC-II phase). A
large initial slope of upper critical field µ0Hc2 and non-Fermi liquid behavior indicate that the SC-II phase
is mediated by antiferromagnetic fluctuations. On the other hand, the robust coexistence of the SC-I phase
and AFM-I phase is unusual on the contrary to superconductivity near a quantum critical point on most
of heavy-fermion compounds.
The interplay between superconductivity and mag-
netism is one of the hottest topics in condensed mat-
ter physics. It has been believed that superconductiv-
ity is mediated by antiferromagnetic (AFM) fluctuations
in cuprates and heavy-fermion superconductors since su-
perconductivity is often observed in the vicinity of the
AFM quantum critical point at which Ne´el tempera-
ture TN goes down to zero.
1–4) In heavy fermion sys-
tems, CePd2Si2,
5) CeRh2Si2,
6) CeIn3,
7) and so on, show
superconductivity in a narrow pressure range close to
a magnetic critical pressure Pc. On the other hand,
CeCu2X2 (X = Si, Ge) and CeT In5 (T = Co, Rh, Ir)
exhibit superconductivity in a relatively wide pressure
range that is extended toward paramagnetic region.8–11)
For CeCu2Si2 and CeCu2Ge2, the superconducting (SC)
transition temperature Tsc shows a marked increase far
from a magnetic critical pressure Pc, and subsequently
disappears at higher pressures. The valence crossover sce-
nario was proposed theoretically by K. Miyake and his
co-workers to interpret the enhancement of Tsc in these
materials, where the plausible critical valence fluctua-
tions possibly give rise to the enhancement of Tsc.
12, 13)
An antiferromagnet CeNiGe3 has an orthorhombic
SmNiGe3-type structure with a space group of Cmmm
(No. 65, D192h) with inversion symmetry, and also shows
pressure-induced superconductivity in a wide pressure
range.17) An AFM order with the incommensurate prop-
agation vector k = (0, 0.41, 1/2) is observed below
TN = 5.5 K at ambient pressure.
14–16) The pressure-
temperature (P–T ) phase diagram was investigated with
electrical resistivity measurements on polycrystalline
∗E-mail address: kitagawa.shunsaku.8u@kyoto-u.ac.jp
†Present address: Department of Physics, Graduate School of Sci-
ence, Kyoto University, Kyoto 606-8502, Japan
sample.17, 18) TN initially increases with increasing pres-
sure up to 3 GPa, and subsequently decreases at higher
pressures. The critical pressure for TN was estimated to
be Pc ∼ 7 GPa. Interestingly, partially overlapped two
SC domes were observed in CeNiGe3. A first SC dome
emerges from ∼ 1.7 GPa, and is embedded in the deep
inside of the AFM phase. This SC state becomes fragile
at higher pressures, and may disappear in the intermedi-
ate pressure range of 4.0-5.4 GPa, where the zero resis-
tance was not observed. Subsequently, superconductivity
revives in a further high-pressure region, and Tsc shows
a maximum around the AFM critical point.
The residual resistivity ρ0 strikingly increases with
increasing pressure in the previous study: ρ0 at Pc is
about 100 times as large as that at ambient pressure.
This striking increase is extrinsic and is possibly caused
by an increase in micro-crack and/or residual strain in
the polycrystalline sample. The large anisotropy of the
compressibility in CeNiGe3 was observed in the XRD
measurement under high pressure, which was speculated
to cause the micro-cracks along the grain boundary.18)
Therefore, the increase in ρ0 indicates a decrease in mean
free path of conduction electrons, and may influence the
emergence and the broadening of the two SC phases in
CeNiGe3.
In this paper, we investigate the unusual SC domes
in CeNiGe3 in further detail with electrical resistivity
measurement by using a single-crystalline sample under
better hydrostatic conditions and clarify the coexistence
state of superconductivity with antiferromagnetism in
CeNiGe3.
A single crystal of CeNiGe3 is prepared by the Ni-
Ge binary self-flux method following Ref. 19. Pressure
was applied using two types of pressure cell; an indenter-
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Fig. 1. (Color online) Temperature dependence of resistivity
ρ(T ) under high pressures.
type pressure cell20) for P ≤ 4 GPa and an opposed-anvil
high-pressure cell designed by K. Kitagawa et al.21) for
P > 4 GPa. We used Daphne 747422) as the pressure
transmitting medium for the indenter cell. Since Daphne
7474 solidified at 3.7 GPa at room temperature, and
the hydrostatic condition becomes worse above 3.7 GPa,
we used argon as the pressure transmitting medium for
higher pressure experiments using an opposed-anvil high-
pressure cell. From the pressure dependence of Tsc in the
lead manometer,23, 24) we estimated the pressure value
as below:
P =
∆Tsc
0.364
(P ≤ 4 GPa),
P =
∆Tsc
0.364
+ (∆Tsc − 1.456)
1.6 (P > 4 GPa)
where P is in GPa, and ∆Tsc = Tsc(0) − Tsc(P ). Low
temperature experiments down to 60 mK were carried
out by using a dilution refrigerator. Electrical resistivity
was measured with a conventional four terminal method,
and the electric current was applied along the c-axis. The
results below 4 GPa have already been reported.25)
Figure 1 shows the temperature dependence of resis-
tivity ρ(T ) measured at several pressures. The residual
resistivity ratio (RRR) at ambient pressure was evalu-
ated about 30, which is the similar value as that of the
polycrystal in the previous study.18) In the low-pressure
region, ρ(T ) shows a broad bend anomaly resulting from
the splitting of the crystal electric field (CEF) at ap-
proximately 100 K.19, 26) The Kondo effect, whose char-
acteristic temperature was estimated as TK ∼ 4.5 K from
the specific heat at ambient pressure,26) became signifi-
cant at high pressures. The enhancement of ρ with ap-
plying pressure can be interpreted as an increase in the
c − f hybridization. Below TN1, the clear reduction of
ρ(T ) was observed. Here, TN1 was defined as the peak
of −d2ρ/dT 2. In contrast with the previous study on a
polycrystalline sample, the striking increase in ρ0 against
pressure was not observed for the single-crystalline sam-
ple.
First, we focus on the experimental results below
4.0 GPa. As shown in Fig. 2(a), TN1 initially increased
with applying pressure and became maximum at 3.1 GPa
Fig. 2. (Color online) (a) Temperature dependence of resistivity
below 4.0 GPa. The black solid (grey dashed) arrows indicate TN1
(TN2). TN2 is observed at 4.0 GPa. (b) ρ(T ) below 0.4 K. The
arrows indicate Tsc. Tsc increases with increasing pressure, and
suddenly disappears above 3.5 GPa.
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Fig. 3. (Color online) Temperature dependence of the second
derivative of resistivity against temperature
with TN1 = 8.2 K. As shown in Fig. 2(b), a clear zero-
resistivity was observed above 2.5 GPa in this study. In
the previous results,25) zero-resistivity was observed at
2.3 GPa, which is consistent with the present study. The
small drop in resistivity before SC transition originates
from SC transition in the small part of the sample. Tsc
was defined as the temperature at which ρ becomes 0.1ρ0.
Tsc increased with increasing pressure and suddenly dis-
appeared above 3.5 GPa. In addition, the resistivity ex-
hibited an additional kink anomaly at TN2 above 3.5 GPa
as shown in Fig. 2 (a). This anomaly in ρ(T ) can be iden-
2
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Fig. 4. (Color online) (a) Temperature dependence of resistiv-
ity above 4.0 GPa. The black solid (grey dashed) arrows indicate
TN1 (TN2). (b) ρ(T ) below 0.6 K. The arrows indicate Tsc. Zero
resistivity is observed at 6.3 GPa and 6.8 GPa.
tified as a clear peak of −d2ρ/dT 2 as seen in the previous
experiment.25) The temperature dependence of d2ρ/dT 2
is shown in Fig. 3. Both TN1 and TN2 were suppressed
with the application of magnetic field along a-axis,25) in-
dicating that both magnetic phases can be considered as
AFM phases. We labeled lower and higher pressure phase
AFM-I and AFM-II, respectively. The apparent SC tran-
sition simultaneously disappeared with the emergence of
the AFM-II phase. These experimental facts demonstrate
that the ordered state in the AFM-II phase is conclu-
sively different from the AFM-I state.
With further increasing pressure, a narrow SC region
appeared around the AFM-II quantum critical point P ∼
6.5 GPa. Figure 4 shows the temperature dependence
of ρ(T ) above 4.0 GPa. Above 3.1 GPa, TN1 gradually
decreased with increasing pressure. On the other hand,
TN2 strikingly increased with increasing pressure and two
transition temperatures merge at 4.4 GPa. After merg-
ing, TN2 goes to zero and disappears and the pressure de-
pendence of ρ0 shows a peak at around 6.5 GPa. Zero re-
sistivity was observed close to Pc ∼ 6.5 GPa and quickly
disappeared with further increasing pressure. Tsc was de-
fined in the same manner as that in the SC state below
3.5 GPa.
We summarized the P–T phase diagram on CeNiGe3
in Fig. 5(c). TN1 of the incommensurate AFM-I phase
initially increases with increasing pressure, and subse-
quently decreases above 3 GPa. From the 73Ge-nuclear
quadrupole resonance (NQR) measurement, it was re-
ported that the incommensurate AFM state transforms
into the commensurate AFM state with decreasing tem-
perature above 2 GPa.27) In the single-crystalline sam-
IC-AFM-I
AFM-II
SC-II
SC-I
C-AFM-I
1
Fig. 5. Pressure dependence of A coefficient of Fermi liquid term
(a), and residual resistivity ρ0 (b). P–T phase diagram of CeNiGe3.
The squares, triangles, and circles indicate the AFM-I transition
temperature TN1, the AFM-II transition temperature TN2, and
SC transition temperature Tsc estimated from ρ(T ), respectively.
The diamonds indicate incommensurate to commensurate transi-
tion temperature TA revealed by
73Ge-NQR measurement.27)
ple, the successive transition to AFM-II phase is found
above 3.5 GPa, although TN2 was not observed in the
polycrystalline samples.17, 18) A magnetoresistance for
H ‖ a at 3.9 GPa exhibits a clear hysteresis anomaly be-
low TN2, indicating the first-order phase transition from
the AFM-II phase to the AFM-I phase.25) The mag-
netic structure in AFM II phase is under investigation.
TN2 decreases with increasing pressure and becomes zero
at around 6.5 GPa. Furthermore, we revealed two well-
separated SC phases. On the other hand, overlapped two
SC phases were observed in the previous report proba-
bly due to worse hydrostatic condition and using poly-
crystalline samples.18) The SC-I phase appears above ∼
2 GPa and simultaneously disappears with the emergence
of the AFM-II phase, which means that the SC-I phase
coexists with the commensurate AFM-I phase but can-
not coexist with the AFM-II phase. The SC-II phase is
located in a narrow pressure range near Pc.
The SC properties are quite different between two
phases. Non-Fermi liquid behavior [ρ(T ) ∝ T 1.75] was
observed at 6.8 GPa (SC-II phase), which is clearly
different from the Fermi liquid behavior [ρ(T ) ∝ T 2]
at 3.5 GPa (SC-I phase) [See Fig. 6 (b)]. Fermi Liq-
uid behavior recovered at 7.4 GPa where the super-
conductivity disappears. Note that we applied larger
electric current to obtain precise data, and thus, the
superconductivity was suppressed when the large elec-
tric current was applied. In addition, the upper critical
field Hc2 of the SC-II phase shows a steep initial slope
(dµ0Hc2/dT = −10.5 T/K) compared to that of the SC-
3
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Fig. 6. (Color online) (a) µ0Hc2 - T phase diagram at 3.5 GPa
(SC-I phase) and 6.8 GPa (SC-II phase). (b) Temperature de-
pendence of resistivity subtracted from residual resistivity ρ0 at
3.5 (SC-I phase), 6.8 (SC-II phase), and 7.4 GPa (paramagnetic
phase).
I phase (dµ0Hc2/dT = −0.2 T/K) as shown in Fig. 6
(a). It is noted that µ0Hc2 ∼ 2.5 T at 6.8 GPa exceeds
ordinary Pauli-limitting field µ0HP ∼ 1.84Tc ∼ 0.8 T.
The large initial slope of µ0Hc2 in the SC-II phase is
close to −6 T/K in CeIn3, −5 T/K in CePd2Si2,
28)
and −20 T/K in CeRhIn5.
29) The change of the
slope is related to the effective mass of electron since
the orbital critical field µ0H
orb
c2 can be described as
µ0H
orb
c2 = 0.693(−dµ0Hc2/dT )TscTsc = Φ0/(2piξ
2) =
pi∆20m
∗2/(2ℏ4k2F).
30) Here, Φ0 is the quantum fluxoid,
ξ = ℏ2kF/pi∆0m
∗ is the SC coherence length, kF is the
Fermi wave vector, ∆0 is the SC gap, and m
∗ is the
effective mass of electron. The enhancement of the ef-
fective mass at the critical pressure was also confirmed
by the pressure dependence of A coefficient as shown in
Fig. 5 (a). For the estimation of A coefficient, we as-
sumed the Fermi liquid behavior [ρ(T ) ∝ ρ0 + AT
2] at
low temperatures. These results indicate that the heavy
quasi-particles form the Cooper pair in the SC-II phase,
similar to other heavy fermion superconductors, such as
CeIn3 and CePd2Si2.
In contrast with the SC-II phase, the SC-I phase in
the AFM-I state has some unusual characteristics. The
SC-I phase is located in the deep inside of the AFM-I
state, which is a rare case on the contrary to supercon-
ductivity near a quantum critical point. Although there
are some reports of the coexistence of superconductivity
and magnetism in the heavy fermion superconductors,
most of those appear in the vicinity of AFM quantum
critical point. To our best knowledge, it has been re-
ported only in some U-based systems such as UNi2Al3
and UPd2Al3,
31, 32) and the non-centrosymmetric su-
perconductor CePt3Si.
33) In these systems, the coexis-
tence of magnetic ordering and superconductivity was
explained in terms of two rather independent electron
subsystems of f character. One is identified with the
itinerant heavy quasi-particle system that is responsi-
ble for the superconductivity. The other one represents
more local f electrons and is responsible for the antiferro-
magnetism.32, 34) According to this scenario, the AFM-I
phase, which coexists with SC-I phase, originates from
localized f electrons, and the AFM-II phase, which can-
not coexist with SC-I phase, may have an itinerant char-
acter. If this scenario can be applicable, the change in
magnetic character should be a crossover. However, the
transition from the AFM-I phase to the AFM-II phase
was of first-order, which seems to be inconsistent with
this scenario. Another interpretation is the competition
between commensurate and incommensurate AFM or-
der. 73Ge-NQR results indicate that the SC-I phase only
coexists with the commensurate AFM order.27) While
the time reversal symmetry and the band degeneracy is
preserved in a commensurate AFM order, the band de-
generacy is lifted owing to the lack of translational sym-
metry in an incommensurate AFM order. Therefore, SC
state might be destabilized in an incommensurate AFM
order. The magnetic structure is unclear in the AFM-
II phase so far. In order to understand further detail in
the coexistence state, precise microscopic studies such as
NMR/NQR and/or neutron scattering experiments are
required.
Finally, we discuss the possibility of valence crossover
in CeNiGe3. At ambient pressure, ρ(T ) shows the broad
maximum at approximately 100 K originating from the
splitting of the CEF and the Kondo temperature was es-
timated as 4.5 K from the specific heat measurements.26)
With applying pressure, the Kondo effect became sig-
nificant and two peaks in the resistivity were observed.
These two peaks due to the CEF and the Kondo effect
merge at around Pc = 6.5 GPa as shown in Fig. 1. In
addition, the pressure dependence of residual resistivity
ρ0 shows a peak at ∼ 6.5 GPa as shown in Fig. 5 (b).
These features have also been observed in CeCu2Si2 and
CeCu2Ge2 under high pressure, and those have been in-
terpreted as the valence crossover.13, 35) From the anal-
ogy of these results, it is plausible that the valence
crossover may occur near Pc in CeNiGe3. However, T -
linear resistivity, which is the characteristic feature of
valence criticality, was not observed in CeNiGe3.
36) It is
possible that the temperature dependence of resistivity
is modified by the combination of magnetic and valence
criticality quantum magnetic fluctuations.
In conclusion, we have measured the temperature
dependence of resistivity with the single-crystalline
CeNiGe3 sample under high pressure. In order to estab-
lish the characteristic P–T phase diagram, the experi-
ments have been performed high-quality single crystal
under better hydrostatic conditions. TN1 = 5.5 K at am-
bient pressure initially increases with increasing pressure
and has a maximum at ∼ 3 GPa. Above 2.3 GPa, a
clear zero-resistivity was observed and this SC state sud-
denly disappears at 3.7 GPa simultaneously with the ap-
pearance of AFM-II phase. The AFM-II phase is contin-
uously suppressed with further increasing pressure and
disappears at ∼ 6.5 GPa. In the narrow range near the
critical pressure, the SC-II phase appears. The enhance-
ment of effective mass and non-Fermi liquid behavior at
Pc indicate that the SC-II phase is mediated by AFM
fluctuations. On the other hand, the SC-I phase coexists
robustly with the AFM-I phase. The further understand-
ing of the nontrivial P–T phase diagram in CeNiGe3
should be helpful for the understanding of the relation-
ship between superconductivity and magnetism in heavy-
4
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